Abstract The effect of c-Fe 2 O 3 nanoparticles on the rheological and volumetric properties of polyethylene glycol with molar mass of 400 (g mol -1
Introduction
The dilute colloidal fluids of nanosized particles in the heat transfer liquids are a matter of interest due to their single thermal behavior. Stable colloidal solutions that consist of magnetite, hematite and maghemite are called ferrofluids [1] . Ferrofluids have a great potential for development in the medical applications, mechanical engineering, electronic packing aerospace, etc. [1] [2] [3] [4] . The low toxicity and water-soluble qualities of some polymers such as poly(ethylene glycol), PEG make them suitable for industrial applications. PEG and its derivatives are applied as surfactants, excipients in some drugs, lubricants, heat transfer fluid in electronic apparatus, gene therapy vectors, etc. [5] . Rheological properties are used to describe the flow behavior of fluids and also deformation of structures made in fluids. Rheological measurements also give the useful information for designing the colloidal solutions in the food industry, paint industry and heat transfer applications [6] . Because of large application field of ferrofluids, colloidal solutions containing Fe 2 O 3 nanoparticles and polymers are topic of interest for some authors in the recent years. For example, the molar heat capacity for water-based a-Fe 2 O 3 nanofluid prepared over a simple biomolecule-assisted hydrothermal method was measured by a high-precision automatic adiabatic calorimeter at T = (290-335) K by Wei et al. [7] . Guo et al. [8] have used a two-step method for preparation of magnetic nanofluids containing c-Fe 2 O 3 nanoparticles, ethylene glycol and water. Thermal transport properties for these nanofluids were also investigated by Guo et al. [8] . Colla et al. [9] measured the viscosity and thermal conductivity of water-based Fe 2 O 3 nanofluid. Influence of the several surfactants in the colloidal stability, particle size distribution and thermal conductivity of water-based a-Fe 2 O 3 nanofluids have been investigated by Gayadhthri et al. [10] . The structural changes of the oil-based ferrofluids were investigated under external magnetic fields by Rajnak et al. [11] . The magnetoviscous effect in the oil-based ferrofluids containing superparamagnetic oxide (Fe, Ni) in the presence of magnetic field was investigated by Katiyar et al. [12] . Felicia et al. [13] reviewed the recent advances in magnetorheological properties of ferrofluids. Rheology of a very dilute magnetic suspension with micro-structures of nanoparticles in mineral oil has been studied by Cunha et al. [14] . The stability and rheological properties of TiO 2 nanofluids containing PEG and also thermal conductivity of nanofluids containing carbon-coated metal nanoparticles and PEG were investigated previously [15, 16] . Rheological, magnetorheological and volumetric properties of nanofluids containing Fe 3 O 4 nanoparticles and PEG have been investigated in our previous work [17] .
In the present work, we prepared the homogeneous solutions of polyethylene glycols, PEGs, with molar masses of 2000 and 6000 (g mol -1 ) in PEG with molar mass of 400 (g mol -1 ). Rheological properties and density values for these solutions have been measured at different temperatures. Nanoparticles of c-Fe 2 O 3 were added to these solutions and dispersed by an ultrasonic bath for making the homogeneous nanofluids. The Ultraviolet-visible (UVVis) spectroscopy, zeta potential and dynamic light scattering have been used to specify the stability and particle size distribution of colloidal solutions studied. [18] , Herschel-Bulkley [18] and Carreau-Yasuda [19] models have been applied for modeling the magnetorheological properties of nanofluids. Density values of c-Fe 2 O 3 -PEG400, c-Fe 2 O 3 -PEG400-PEG2000 and c-Fe 2 O 3 -PEG400-PEG6000 nanofluids have also been measured at T = (298.15, 308.15 and 318.15) K. The excess molar volumes were calculated from the density data for highlighting the interparticle interactions that occurred in nanofluids. Ott et al. [20] and Singh et al. [21] equations were used for fitting the excess molar volume values.
Experimental section Materials
In this work, we used the bulk Fe 2 O 3 with minimum mass fraction purity of 0.99 (Merck). c-Fe 2 O 3 nanoparticles with a moderate diameter of 20 nm and minimum mass fraction purity 0.995 were purchased from Nanostructured & Amorphous Materials, Inc. USA. c-Fe 2 O 3 nanoparticles were preserved under vacuum for 2 h to remove the water from surface of the particles, then kept in desiccators under argon atmosphere. PEG with molar masses of 400, 2000 and 6000 (g mol -1 ) were also purchased from Merck and applied without any purification.
Preparation of nanofluids
PEGs with molar masses of 400 and 2000 (g mol -1 ) with ratio of 275:1 were mixed at 328.15 K to make the homogeneous solution; then this solution got cold and cFe 2 O 3 nanoparticles were dispersed in the solution by applying the ultrasonic bath (Ultrasonic bath, Grant, Grant instruments (Cambridge) Ltd, England) for 4 h. The cFe 2 O 3 -PEG400-PEG6000 nanofluid was also prepared same as c-Fe 2 O 3 -PEG400-PEG2000 colloidal solution. The c-Fe 2 O 3 nanoparticles were also dispersed in PEG400 by using an ultrasonic bath (Ultrasonic bath, Grant, Grant instruments (Cambridge) Ltd, England) for 4 h to make the homogeneous suspension.
Apparatus
We used the analytical balance (Sartorius BP analytical balances Model BP301S) with an uncertainty of 0.1 mg for preparing the nanofluids of c-Fe 2 O 3 -PEG400, c-Fe 2 O 3 -PEG400-PEG2000 and c-Fe 2 O 3 -PEG400-PEG6000. The UV-Vis spectra were recorded with spectrophotometer (Shimadzu UV-1700-Pharma). The particle size distribution of c-Fe 2 O 3 nanoparticles dispersed in PEG and zeta potential values of nanofluids were measured by the dynamic light scattering (DLS, Malvern, Nano ZS, ZEN Results and discussion
Experimental results
The bulk Fe 2 O 3 and c-Fe 2 O 3 nanoparticles have been dispersed in PEG400 to prepare the homogeneous colloidal solutions with Fe 2 O 3 mole fractions (x 1 ) of 0.0004 and 0.0008, respectively. UV-Vis spectra have been recorded for these solutions with passage of time to study the stability of colloidal solutions. The suspensions have been kept in the quartz cell without stirring throughout the recording of spectra. The recorded UV-Vis absorption spectra are presented in Fig. 1a , b. The TEM image of cFe 2 O 3 nanoparticles taken by producer was also shown in Quantum effects like band gap enhancement with particle size decreasing are usually main reason for the blue shift of maximum absorption wavelength for particles less than about 80 Å in diameter [22, 23] . Therefore, the particle size distributions for nanofluids of c-Fe 2 O 3 -PEG400 and cFe 2 O 3 -PEG400-PEG6000 have been measured in this work. The determined mean particle sizes are, respectively, 669.0 and 672.0 nm for nanofluids of c-Fe 2 O 3 -PEG400 and c-Fe 2 O 3 -PEG400-PEG6000. The particle size distributions for these nanofluids are also shown in Fig. 2 . The obtained particle sizes for c-Fe 2 O 3 nanoparticles in nanofluids of cFe 2 O 3 -PEG400 and c-Fe 2 O 3 -PEG400-PEG6000 are much larger than 80 Å ; thereby, the blue shift of maximum absorption wavelength of UV-Vis cannot be due to the quantum effects. As we know, the optical properties of nanostructures depend on their shapes, sizes and the surrounding environment [24] [25] [26] . In this work, the preparation conditions are same for bulk-Fe 2 O 3 -PEG400 fluid and c-Fe 2 O 3 -PEG400 nanofluid; the two main differences are the particle size of Fe 2 O 3 in these fluids and interaction of PEG with the surface of c-Fe 2 O 3 nanoparticles which can be higher than the surface of bulk-Fe 2 O 3 . Therefore, the difference in particle size of Fe 2 O 3 and also interaction of PEG with the surface of c-Fe 2 O 3 nanoparticles in nanofluid compared to bulk-Fe 2 O 3 -PEG400 fluid may be the main reasons for the blue shift observed in this work. In addition, the observed large particle sizes for studied nanoparticles are probably because of the polymer chains over nanoparticles and also aggregation forms of nanoparticles. Figure 1c , d shows that two maximum wavelengths of bulk Fe 2 O 3 observed in Fig. 1a were overlapped with adding the PEG2000 and also PEG6000 to the nanofluid of c-Fe 2 O 3 -PEG400. Figure 1b- [25] . Therefore, in our work, the stability of the studied c-Fe 2 O 3 nanofluids is good. This can be due to the existance of an interaction between the polymer chains and the nanoparticles and also viscose environment provided by the polymer. The rheological properties of ferrofluids using an external magnetic field have been measured to reveal the effects of c-Fe 2 O 3 nanoparticles on flow behavior of PEG400, PEG400-PEG2000 and PEG400-PEG6000 solutions. Therefore, we prepared the nanofluids of cFe 2 O 3 -PEG400, c-Fe 2 O 3 -PEG400-PEG2000 and c-Fe 2 O 3 -PEG400-PEG6000 at two volume fractions of c-Fe 2 O 3 (u 1 = 1.5 and 5%). These volume fractions correspond to c-Fe 2 O 3 mole fraction (x 1 ) of (x 1 = 0.1512 and 0.3819) and PEG400 mole fractions (x 2 ) of (x 2 = 0.8478 and 0.6175 for c-Fe 2 O 3 -PEG400-PEG2000 nanofluid, and x 2 = 0.8481 and 0.6178 for c-Fe 2 O 3 -PEG400-PEG6000 nanofluid). The variations of shear stress and viscosity with shear rate at different magnetic fields were measured for investigated colloidal solutions at 298.15 K. The obtained results were shown in Fig. 3 for PEG400, PEG400-PEG2000 and PEG400-PEG6000 solutions and in Figs. 4, 5 and 6 for nanofluids of c-Fe 2 O 3 -PEG400, c-Fe 2 O 3 -PEG400-PEG2000 and c-Fe 2 O 3 -PEG400-PEG6000 at u 1 = 5%; and in Figs. S1-S3 as supplementary material for c-Fe 2 O 3 -PEG400, c-Fe 2 O 3 -PEG400-PEG2000 and cFe 2 O 3 -PEG400-PEG6000 at u 1 = 1.5%. To see the variety of viscosity with shear rate increasing in a better manner, the viscosity data changes in the short range have also been illustrated inside Fig. 4b and 6b . Figure 3 indicates that the base fluid of PEG400 exhibits a Newtonian flow behavior with viscosity values of approximately 85-91.8 (mPa s) in the shear rate of 0.01-1000 s -1 at 298.15 K which is compatible with our previous work [17] . PEG400-PEG2000 and PEG400-PEG6000 solutions exhibit the shear thickening behavior with initial rise on shear rate; this can be due to form of some structures between PEG400 and PEG2000 or PEG6000 at very low values of shear rate. Figures 3, 4 , 5 and 6 and also S1-S3 show that Newtonian flow of PEG400 and shear thickening behaviors of PEG400-PEG2000 and PEG400-PEG6000 solutions were changed to a pseudoplastic (or shear-thinning) behavior for all the suspensions investigated (c-Fe 2 O 3 -PEG400, c-Fe 2 O 3 -PEG400-PEG2000 and c-Fe 2 O 3 -PEG400-PEG6000). This revealed that the resistance to flow was reduced by using the small forces, and the aggregations of c-Fe 2 O 3 nanoparticles or network flocs formed between PEG and c-Fe 2 O 3 were broken into the smaller flow units with shear rate increasing. In addition, large values for viscosity and shear stress have been observed at higher magnetic fields which can be due to form of chain-like structure of iron oxide. The results obtained from this work are also consistent with those we observed in our previous work for Fe 3 In this equation, x is the mole fraction; M is the molar mass; subscripts 1, 2 and 3 stand for c-Fe 2 O 3 nanoparticle, PEG400 and PEG2000 or PEG6000, respectively. We used the value of 5242 (kg m -3 ) for density of c-Fe 2 O 3 nanoparticle which is taken from literature [27] . The solutions studied are dilute and away from pure Tables 1 and 2 and also shown in Fig. 7 . As can been seen from these Tables and Fig. 7 , V E m values for nanofluids are positive and decrease with temperature increasing. The van der Waals-type interactions which are categorized as dispersion forces can be deduced from the positive values of excess molar volume. Decreasing in interactions with rise on temperature is the main reason for decreasing of excess molar volume with temperature enhancement [30, 31] . Therefore, we can conclude that the van der Waals-type interactions are dominant in the studied nanofluids which decrease with temperature increasing. In our previous work, we also observed that the van der Waals-type interactions were dominant in ferrofluid of Fe 3 O 4 -PEG400 which were changed to the attractive interaction in nanofluid of Fe 3 O 4 -PEG400-oleic acid [17] .
Modeling the experimental results
Various empirical models such as Bingham plastic and Herschel-Bulkley [18] are often used to determine the shear rate dependency of shear stress; therefore, in our work these models are applied to calculate the yield stress (critical level of stress) as follows:
where s y is the yield-stress parameter; g is the suspension viscosity; K HB and n are the structure-dependent Table 3 . The dashed lines in Figs. 4a and 6a and S1a-S3a illustrate the performance of HerschelBulkley model in fitting the shear stress values. Table 3 shows that the yield stress or critical level of stress obtained by Herschel-Bulkley model is enhanced with rise of concentration and magnetic field.
The Carreau-Yasuda model [19] as following equation is applied for correlating the viscosity values of investigated nanofluids at each concentration and magnetic field:
g 0 , and g 1 are, respectively, the viscosity of colloidal solutions at very low and high shear rates. k, a and n are the parameters of this model. The obtained results are given in Table 4 and illustrated in Figs. 4b and 6b and S1b-S3b. As can be seen from these figures and table the performance of the Carreau-Yasuda model in fitting the viscosity values of considered nanofluids is good especially at low values of shear rate. The excess molar volumes for nanofluid of c-Fe 2 O 3 -PEG400 were correlated with Ott et al. [20] equation and V E m values for nanofluids of c-Fe 2 O 3 -PEG400-PEG2000 and c-Fe 2 O 3 -PEG400-PEG6000 were fitted with Singh et al. [21] equation. The Ott et al. [20] and Singh et al. [21] models are, respectively, shown in Eqs. (5) and (6): Tables 5 and 6 , respectively. The fitting quality of these models is also shown in Fig. 7 . From this figure and Tables 5 and 6 one can conclude that the performance of the aforementioned models is good in fitting the excess molar volumes of the investigated nanofluids. 
Conclusions
The homogeneous and one-phase solutions of polyethylene glycols, PEGs, with molar masses of 2000 and 6000 (g mol -1 ) in PEG with molar mass of 400 (g mol -1 ) were prepared. Rheological properties and density values for these solutions have been measured at different temperatures. Nanoparticles of c-Fe 2 O 3 were added to these solutions and dispersed by an ultrasonic bath to make homogeneous nanofluids. The UV-Vis spectroscopy, zeta potential and dynamic light scattering have been used to specify the stability and particle size distribution of the colloidal solutions studied. Result analysis of these methods revealed that the investigated nanofluids are reversibly stable for a long time. This indicates that the low toxicity and water-soluble base fluids considered in this work can be convenient for making the stable ferrofluids with others magnetic nanoparticles by two-step method. The main reasons for the blue shift of maximum absorption wavelength of UV-Vis spectra can be due to the difference in particle size of Fe 2 O 3 in nanofluid compared to bulk- 
